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 and F. Ortica*
ab 
Radiation upconversion can be an elegant and efficient strategy to minimize wastes in energy harvesting and storage 
processes. The upconversion based on triplet-triplet annihilation processes of molecular dyes is a very versatile approach, 
but it requires a systematic photophysical characterization of the systems to optimize the upconversion yields and develop 
materials for technological applications. This paper represents an overview of the work carried out in our laboratories for 
the study and characterization of a molecular dye pair, 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphyrin platinum(II) 
(PtOEP) and 1,3,6,8-tetraphenylpyrene (TPPy), suitable as sensitizer and emitter, respectively, in a triplet-triplet 
annihilation based upconversion process. The investigation has been carried out in various media, such as homogeneous 
solvents of different viscosities, oil-in-water microemulsions, to end up with environments much closer to those required 
for potential applications, like nanostructured silica matrices and liquid filled micro/nanocapsules that provide 
upconversion to solid materials. The possibility to achieve upconversion emission even in confined and rigid media has 
been confirmed and can inspire further applications of the process. 
Introduction 
Triplet-triplet annihilation  upconversion (TTA-UC) based on 
coordination compounds and organic molecules has been receiving 
notable attention since the last fifteen years, even though the 
phenomenon dates back to the sixties.
1,2
 TTA-UC is usually 
accomplished by means of coordination compounds such as a 
metallated porphyrin, which behaves as antenna in the visible 
region and can sensitize an organic molecule characterized by high 
quantum yield of fluorescence, like a polycyclic aromatic 
hydrocarbon, which plays the role of a higher-energy emitter. The 
possibility to obtain TTA-UC upon low-energy, non-coherent 
excitation has triggered the interest of many researchers working 
on various fields;
3-61 
the potential application to bioimaging and the 
integration with solar cells are no doubt intriguing.
62-65
However, the 
realization of practical devices usually requires the incorporation of 
the sensitizer and the emitter in a rigid medium or a solid 
matrix
37,41,46,47,57,66-71 
where generally a significant decrease of the 




Our first approach to TTA-UC was motivated by the attempt to 
minimize the waste of solar visible photons in the study of solid 
solutions of metal oxides as heterogeneous photocatalysts for 
hydrogen production from water.
74-78
 
Herein, we report an overview of our research activity in this 
field, where the 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphyrin 
platinum(II) (PtOEP) and the 1,3,6,8-tetraphenylpyrene (TPPy) were 
investigated in their roles of sensitizer and emitter, respectively, in 
a TTA based upconversion process. We report our previous studies 







and the preliminary results 
of unpublished works in liquid-filled microcapsules. Though most of 
the work was carried out using the PtOEP/TPPy as UC pair, some 
interesting results were also obtained by using 9,10-diphenyl 
anthracene (DPA) as emitter. The latest developments and future 
perspectives are also presented. 
 
 
Results and discussion 
 
Study in homogeneous solutions: UC pair optimization 
The first step was the choice of a suitable pair of compounds which 
could work as sensitizer and emitter, respectively. As far as the 
antenna component is concerned, our attention was drawn by 
porphyrin molecules, which usually exhibit two absorption features: 
the Soret band, in the near UV region, and the Q band, located 
above 500 nm. The latter band is particularly interesting since it can 
be excited by low-frequency visible radiation. We took two 
porphyrin molecules into consideration, namely PdOEP and 
PtOEP.
79 
As for the emitter species, TPPy, a polycyclic aromatic 
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hydrocarbon having an almost unitary quantum yield of 
fluorescence (F = 0.96  0.05)
82
 was chosen. The lowest triplet 
excited state of TPPy only lies a few cm
-1
 above the triplet states of 
the porphyrin sensitizers and we have shown
79
 that the collisional 
Dexter energy transfer between the triplet states of the antenna 
and the emitter can anyway occur driven by the contribution of the 
entropy of mixing to the Gibbs free energy, as previously reported 
in the literature.
83 





the case of the two couples PtOEP/TPPy and PdOEP/TPPY, 
respectively. We investigated the energy transfer process between 
the sensitizer and the emitter in deoxygenated media to increase 
the sensitizer decay time and increase the energy transfer 
probability, obtaining the Stern-Volmer constant and the quenching 


























for PtOEP and PdOEP, respectively).
79 
Based on 
these data the PtOEP-TPPy pair allows for the most efficient energy 
transfer. Moreover, the presence of the Pt heavy atom enhances 
the spin-orbit coupling in the system, thereby increasing the kinetic 
constant for the collisional Dexter energy transfer between the 
triplet states of the antenna and the emitter. Thus, we selected the 




Fig. 1 Molecular structures of PtOEP and TPPy. 
 
In our experiments, excitation was carried out by the non-
coherent emission of a Xe lamp at 536 nm, at a low incident power 
of a few hundred Wm
-2
, comparable to the solar irradiance in AM 
1.5 conditions integrated across the Q-band of the porphyrin 
sensitizers (for experimental details, see refs. 79-81). Under these 
conditions, the kQ can be identified with the kinetic constant which 
characterizes the energy transfer process: 
 
T1(sensitizer) + S0(emitter)  S0(sensitizer) + T1(emitter) 
 
The choice of the PtOEP/TPPy as the sensitizer/emitter pair in the 
UC experiment also allows a high portion of the emitted light from 
the TPPy to be collected without any significant re-absorption by 
the porphyrin sensitizer, whose Q band is red-shifted with respect 




Fig. 2 Normalized absorption (full line) and emission (dashed line) spectra of 
PtOEP (red) and TPPy (blue) in toluene. 
 
Toluene was chosen as a suitable solvent to solubilise the two 
compounds and perform the upconversion experiments. The 
following step was then the optimization of the concentration ratio 
of the two compounds PtOEP and TPPy. Therefore, we explored the 
dependence of the upconversion quantum yield, UC, on the 
concentrations of the sensitizer and the emitter involved in the 





, while the concentration of the emitter was 









maximum value of green-to-violet upconverted emission, UC = 
3.8%, was found for a concentration ratio of 60 between [TPPy] and 






Study in homogeneous solutions: solvent effects 
Later on, we investigated the role of the medium; bromobenzene 
and anisole were used as solvents, instead of toluene. Even though 
they have similar structure, their viscosities increase from toluene 
to anisole, passing through bromobenzene; furthermore, the latter 
has a heavy atom (Br) in its structure, which could influence the 
spin-orbit coupling in the system. The measurements were carried 
out under the same experimental conditions, using an excitation 
intensity of 194 Wm
-2
 at 536 nm. For all the three solvents, the 
highest upconversion quantum yields (Table 1) were obtained at a 
concentration ratio of 60 between the emitter and the sensitizer, 









already found in our previous experiments. The UC value is by far 
highest in toluene, where the lowest viscosity makes the molecular 
diffusion easier and therefore enhances the efficiency of both the 
triplet-triplet energy transfer process from the PtOEP to the TPPy 
and the TTA. Furthermore, in the same solvent, PtOEP exhibits the 
lowest P and kP values, thereby indicating that the radiative 
deactivation of the donor triplet state, which competes with the 
energy transfer process to the TPPy molecule, gives a minor 
contribution in toluene than in the other two solvents explored. 
 
Tab. 1 Lifetimes (τP), quantum yields (ΦP) and rate constants (kP) of 
phosphorescence of PtOEP and upconversion quantum yields (ΦUC) for the 
pair PtOEP and TPPy in the three solvents having different viscosity (η). 
Table 1 
 
PtOEP and TPPy in oil-in-water microemulsions 
The possibility to solubilise the upconverting couple PtOEP-TPPy in 
a confined environment, thus favouring the encounter of the two 
species and possibly enhancing the quantum yield of the process, 
induced us to investigate the effect of the inclusion of the sensitizer 
and the emitter molecules in an oil-in-water microemulsion. Based 
on the aforementioned results and the high UC measured in 
toluene, we prepared a toluene-based micro-heterogeneous system 
with TX-100 and 1-pentanol as surfactant and co-surfactant agents, 
respectively, that allow for the stabilization of oil droplets in which 
the sensitizer-emitter couple are solubilized. This mixture allowed 
us to obtain an optically transparent oil-in-water microemulsion.
80 
However, due to solubility issues of the solutes in the toluene pools, 
it was impossible to load the microemulsions with sensitizer and 
emitter contents higher than a ratio [TPPy]/[PtOEP] equal to 10. 
This fact, along with an increase of the P for PtOEP (from 0.41 in 
pure toluene to 0.71 in the microemulsion) and a decrease of the F 
for TPPy (from 1 in toluene to 0.62 in the microemulsion), both 
detrimental to the up-conversion process, brought about a 
significant decrease of UC in the oil-in water microemulsion 
compared to the toluene solution. Indeed, upon irradiation at 536 
nm with an excitation intensity of 194 W m
-2
, the UC dropped from 
0.19 in pure toluene down to 0.01 in the heterogeneous system, 
confirming what had previously been reported in similar 
upconversion experiments in surfactant aqueous solution
84
 and in a 
water environment.
85
 One of the possible ways to overcome this 
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obstacle might be increasing the toluene cavity inside the oil-in-
water microemulsion, but this would require a modification of the 
microemulsion composition and structure. 
 
Measurements in silica matrices 
Our further step, also taking into account some possible 
technological uses of the upconversion process, including 
integration with solar cells and biomedical applications, was the 
incorporation of the sensitizer and the emitter in solid matrices. The 
drawbacks of this strategy are well known
67,72
, the most important 
being the strong decrease of the upconversion emission intensity 
under these experimental conditions. However, recent studies have 
reported the possibility of achieving intense emission signal even in 
these rigid media, once the dyes are pre-organized
86
 or adequately 
arranged into the solid matrix.
87 
Therefore, we prepared silica 
matrices loaded with the usual PtOEP/TPPy upconversion pair and 
having different morphologies, from a mesoporous microstructured 




In the first case, due to the sufficiently large pores of the matrix (4-
14 nm)
88 
high amounts of sensitizer and emitter could be loaded 
into the structure, with the possibility of keeping the ratio 
[TPPy]/[PtOEP] = 60 and enhancing the frequency of encounter 
between the species. Unfortunately, due to the formation of 
aggregates and excimer-like species, with consequent modification 
of the energy of the excited electronic states, and to the reduced 
mobility of the organic molecules arranged in crystals, no 
upconverted emission could be detected upon excitation of the SBA 
samples at 535 nm with an intensity of 190 W m
-2
. 
On the contrary, encapsulation of PtOEP and TPPy into silica 
nanoparticles (having a mean diameter of 10 nm
89,90 
and a core-
shell morphology), allowed the solubilization of the species, mainly 
in their monomeric forms, in the spherical core of the nanoparticles 
constituted by the hydrophobic part of the surfactant used as 
template to grow the silica shell. Under these conditions, the 
sensitizer and the emitter take advantage of the amorphous 
structure and less rigid environment of the core, thus enabling the 
dynamics required by the triplet-triplet annihilation upconversion. 
After deoxygenation of the NPs-loaded powder sample, both 
phosphorescence of the sensitizer (em = 645 nm) and upconversion 




Fig. 3 PtOEP phosphorescence (red) and upconversion emission (blue) 
spectra of NPs loaded with PtOEP and TPPy under nitrogen atmosphere. 
Inset: TEM image of the NPs. 
Liquid-filled microcapsules 
The soft core given by the hydrophobic moiety of the surfactant 
used in the silica nanoparticles provided the environment for the 
UC to occur. An alternative strategy that also allows increasing the 
soft portion of the particle consists in the preparation of liquid-filled 
capsules.
91 
With mononuclear core-shell micro/nanocapsules, 
payloads as high as 90% can be obtained, which also guarantees a 
high UC dyes loading. These capsules are made by a liquid core and 
a solid polymeric shell, which confines and protects the internal 
part. The liquid core a) dissolves the antenna and emitting units and 
b) allows the dynamic bimolecular processes involved in the TTA-
UC. The liquid-filled capsules can be used to achieve liquid-like 
behaviours even in their powder state.
92,93
 
As proof-of-concept, polyurea (PU) microcapsules were prepared 
through the interfacial polymerization.
94
 Polyurea is a crosslinked 
polymer, prepared from a polyisocyanate (i.e. Desmodour®N100) 
and diethylentriamine, which guarantees high internal liquid 
retention. As oil-core, Miglyol®812 (a capylic/capric triglyceride oil) 
was used for dissolving well the UC dyes and for its low volatility, 
which ensure a better capsules stability over time.
92 
TPPy and PtOEP 
were used as UC dyes with a [TPPy]/[PtOEP] ratio of 60. For the 
capsules preparation, the organic phase (made of the oil, the dyes 
and the isocyanate) was emulsified (through magnetic stirring) into 
the water phase, containing a surfactant (polyvinyl alcohol) and the 
polyamine. After emulsifying for 5 min, upon heating the emulsion 
at 60 °C, spherical microcapsules of 70-200 µm were obtained. The 
suspension was freeze-dried over 2 days to achieve the final 
capsules powder.
95 
The excitation of the de-oxygenated 
microcapsules powder with a pulsed and coherent 532 nm light of 
300 Wm
-2
 resulted in the observation of both phosphorescence (of 
PtOEP, em = 645 nm) and UC (of TPPy, em = 430 nm) emissions 
(Figure 4). Unfortunately, the micrometric dimensions of the 
capsules give rise to some scattering of the excitation light. This fact 
prevented us, at this stage from determining the quantum yield for 




Fig. 4 a) Emission spectra of PUmicrocapsules loaded with PtOEP-TPPy (ex = 
532 nm) in Miglyol®812 Inset: digital photo of the freeze-dried capsules; b) 
SEM image of capsules. 
 
Notably, these preliminary results showed that the capsules 
strategy allowed to observe UC in a solid system (capsules powder 
of Figure 4a), where generally this process is prevented by the lack 
of molecular diffusion. 
The micro/nanoencapsulation is a quite versatile and general 
strategy since it allows to easily tune the oil core, the shell material 
and the dye pair, as well as the capsules size. Thus, the composition 
of the capsules can be modified maintaining the UC emission. For 
example, UC emission has been detected in PU microcapsules using 
hexadecane as oil and DPA as emitter instead of TPPy 




Fig. 5 a) Emission spectra of PU microcapsules loaded with PtOEP-DPA (exc 
= 532 nm) in hexadecane; b) SEM image of capsules. 
 
The composition and dimensions of the capsules, together with 
their further photophysical characterization, are object of the 
ongoing research finalized to the optimization of these systems. 
Conclusions 
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In this brief account, the investigation of a couple of molecular 
systems acting as sensitizer (PtOEP) and emitter (TPPy) in a 
triplet-triplet annihilation based upconversion process has 
been reported. Our studies have been carried out in various 
media, such as homogeneous solvents of different viscosities, 
oil-in-water microemulsions, nanostructured silica matrices 
and liquid filled micro/nanocapsules. The upconverting 
molecular systems have great potential developments due to 
large variety of organic and organo-metallic dyes whose 
electronic properties can be tuned to the expected behaviour 
through chemical functionalization or by controlling their 
molecular arrangements. 
The proof-of-concept that UC properties are preserved also in 
solid phase in inorganic or organic media, as we have shown in 
the cases of nanostructured silica matrices and liquid filled 
microcapsules, opens the possibility to apply these systems in 
real devices. 
Of course, important improvements are still necessary before 
the knowledge is transferred to devices production. Further 
measurements are object of the ongoing research in our 
laboratories, finalized to the optimization of these systems. 
The main aspects which have to be improved are the intensity 
of UC emission in solid phase and the scale-up of the synthetic 
procedures to obtain micro/nanocapsules, which would allow 
us to give a better quantitative definition of the upconversion 
quantum yields in these media. 
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